Abstract. Breast cancer has a high fatality rate. Early diagnosis reduces the rate of mortality; therefore, novel diagnostic methods are urgently required. The present study investigated the correlation of serum microRNA (miRNA/miR) expression with breast cancer, and tested a panel of miRNAs as promising potential biomarkers for breast cancer. Six miRNAs (miR-374, miR-666-5p, miR-451, miR-148a, miR-27a and miR-30b) were selected for analysis and their differential expression levels were quantified using qPCR. The results demonstrated that four out of the six candidate miRNAs were significantly downregulated in breast cancer patients (miR-451, P=0.000; miR-148a, P=0.021; miR-27a, P=0.013 and miR-30b, P=0.001). A panel of miRNAs consisting of the four downregulated miRNAs was able to distinguish breast cancer from healthy controls, with an area under the receiver operating characteristic curve of 95.3%, a sensitivity of 94.7% and a specificity of 82.8%. Thus, this panel of miRNAs may be used as a sensitive and specific tool for the diagnosis of breast cancer.
Introduction
Breast cancer is one of the most common types of cancers among females globally. The disease has a high fatality rate, with ~465,000 mortalities from breast cancer annually worldwide (1) . Early diagnosis reduces the rate of mortality from breast cancer. MicroRNAs (miRNAs/miR) are a class of small non-coding RNAs that were first reported in 1993 (2) . miRNAs regulate the post-transcriptional expression of mRNAs (3) and are involved in cell differentiation, survival and apoptosis (4) . Due to their significant regulatory role in these processes, the misregulation of miRNAs may lead to oncogenesis by increasing cell proliferation, decreasing apoptosis and enhancing the metastatic potential of affected cells (5) . In breast cancer, miRNAs have been shown to function as oncogenes and tumor suppressors (6) . Several expression profiling studies have identified miRNAs that exhibit upregulated expression patterns in breast tumors. These miRNAs, which are classified as oncogenic, include miR-21, miR-29b, miR-29c, miR-98, miR-122a, miR-128b, miR-136, miR-149, miR-155, miR-181b, miR-181d, miR-191, miR-202, miR-203, miR-210, miR-213, miR-365, miR-373 and miR-520c (7) (8) (9) (10) (11) (12) (13) (14) (15) . By contrast, let-7a, miR-10b, miR-17-5p, miR-26b, miR-30a-3p, miR-31, miR-34a, miR-101-1, miR-125a, miR-125b, miR-127, miR-143, miR-145, miR-200, miR-204, miR-205, miR-206, miR-320, miR-355, and miR-497 are downregulated in breast cancer (11) (12) (13) (14) (15) (16) (17) (18) and are therefore classified as tumor suppressors.
There is a high degree of correlation between serum and tissue miRNA expression profiles (19) . Several potential pathways have been hypothesized as the origin of circulating miRNAs in serum: ⅰ) Free miRNAs may be directly secreted by cells; ⅱ) miRNAs may be selectively packed into microparticles (MPs) or exosomes and released by cells via shedding of microvesicles (MVs); ⅲ) miRNAs may be enclosed in apoptotic bodies; and ⅳ) miRNAs may also be vesicle-free and associated with either argonaute proteins alone or incorporated into high-density lipoprotein (HDL) particles (20) . Recent studies have revealed that secreted miRNA levels in the blood and other body fluids correlate significantly with cancer progression, therapeutic response and patient survival (21) . Thus, serum miRNA testing is viewed as a potential non-invasive method for detecting the risk of tumors.
The aim of the present study was to evaluate the feasibility and clinical utility of serum-derived miRNAs as biomarkers for the detection and staging of breast cancer. Six candidate miRNAs (miR-374, miR-666-5p, miR-451, miR-148a, miR-27a and miR-30b) were tested that were selected from 750 breast cancer-associated miRNAs initially identified by pedigree screening conducted in our preliminary experiments. This finding supports the use of miRNAs as biomarkers that may serve as sensitive and specific tools for the diagnosis of breast cancer.
Materials and methods
Ethics. All subjects in this study provided written informed consent, and the study was approved by the Committee on Ethics of the Chinese PLA General Hospital (Beijing, China).
Patients and specimen collection. Between August and November 2011, 129 serum samples were obtained from patients at the Chinese PLA General Hospital. These included 29 normal serum samples from healthy volunteers, 20 from benign breast tumor patients and 60 from patients with malignant breast cancer. A total of 20 pairs of pre-operative and post-operative serum samples were collected from patients who had suffered breast cancer and had undergone surgery. Patients were categorized into two groups, stages I/II and stages III/IV, according to the WHO classification of breast cancer (22) . Based on this categorization, the present study included 41 samples of breast tumors (stages I-II) and 19 samples of metastatic breast cancer with lymph node metastasis or distant metastasis (stages III-IV). The patient ages were between 20 and 75 years old (46.81±12.29 years old), and a mean body surface area of 166.65±11.04 cm 2 was recorded. Specimens were stored at -80˚C until further analysis (Table Ⅰ) .
Statistical analysis. Calculations were performed with the SPSS computer software program (version 19.0 for Windows; SPSS, Inc., Chicago, IL, USA). Results with normal distributions are presented as the mean ± standard deviation. The mean values of serum miRNA expression from the pre-operative and post-operative groups were compared using paired samples Student's t-test. Results that did not show normal distribution are presented as medians and were compared using the Mann-Whitney U test. Receiver operating characteristic (ROC) curves were generated and the areas under the curve (AUCs) were calculated to compare the predictive value of miRNAs for a breast cancer diagnosis. P<0.05 was considered to indicate a statistically significant difference.
Total RNA isolation from serum samples. All serum samples were immediately collected and stored frozen at -80˚C until RNA extraction was conducted. The frozen sera were thawed and transferred into microcentrifuge tubes (300 µl of each serum). Each sample was mixed with 1 µl synthetic cel-miR-67, which served as an internal standard. Isolation of RNA from all samples of malignant and benign tumors and the corresponding healthy controls was performed simultaneously using the miRVana™ PARIS™ kit (Ambion, Austin, TX, USA) for serum, according to the manufacturer's instructions. Total RNA, including small RNAs, was purified following extraction, and the RNA concentrations and purities of all samples were measured using the NanoDrop ND8000 Multi-Sample Micro-Volume UV-Vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).
Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
. E. coli polyA polymerase was used to add polyA tails to the premature and mature forms of the miRNAs. Each reaction included 0.5 µl E.coli polyA polymerase, 0.5 µl 10X RT buffer, 2 µl dATPs (Sigma-Aldrich, St. Louis, MO, USA), 0.5 µl RNasin ® ribonuclease inhibitor (Takara) and 10 pg total RNA. The reaction was incubated at 37˚C for 1 h. Next, 1 µl 0.5 µg/µl RT primer was added and the reaction was incubated at 70˚C for 5 min, then placed on ice immediately for at least 2 min to disrupt the secondary structures formed between the RNA and the primer. Aliquots of 20 µl from the reverse transcriptase reactions contained 0.5 µl 5 U/µl M-MLV reverse transcriptase, 4 µl buffer, 1 µl dNTP (10 mM), 10 µl A-plus reaction mix, 0.5 µl RNasin ribonuclease inhibitor and 4 µl RNase-free water. These reverse transcription reactions were incubated at 42˚C for 1 h. Finally, for amplification of the cDNA targets, the following 20-µl reactions were assembled: 1 µl cDNA, 2 µl of 10X universal primer, 2 µl of 10X gene-specific primer (10 µM; Table Ⅱ), 10 µl of 2X qPCR Mix, 0.4 µl of 1X ROX reference dye and 4.6 µl ddH 2 O. The reactions were heated to 95˚C for 5 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. Cel-miR-356 was used as an internal standard control for normalization in the qPCR analysis. Gene expression levels were quantified using the ABI 7900 detection system (Applied Biosystems, Foster City, CA, USA). All RT reactions included no-template (no cDNA) and negative (no reverse transcriptase) controls, and were performed in triplicate. Ct (threshold cycle for a sample) data were used to evaluate the precision and reproducibility of the qPCR results. The expression levels of miRNAs were calculated using 2 -ΔΔCt , where ΔCt = (Ct miRNA -Ct cel-miR-67). ΔΔCt was calculated using the formula: ΔΔCt = ΔCt of the disease group -ΔCt of the control group. All reagents/mixes were provided by Quantobio (Beijing, China).
Results
Serum miRNA expression levels. Six target miRNAs (miR-374, miR-666-5p, miR-451, miR-148a, miR-27a and miR-30b) were selected for further analysis in serum samples. As shown in Fig. 1 , four out of the six candidate miRNAs tended to be differentially expressed in serum samples between the patients with breast cancer and the healthy controls: miR-374, P=0.366; miR-666-5p, P=0.326; miR-451, P=0.000; miR-148a, P=0.021; miR-27a, P=0.013; and miR-30b, P=0.001. Three out of the six miRNAs (miR-451, miR-27a and miR-30b) showed significantly different expression levels between the benign breast tumor groups and the healthy controls: miR-374, P=0.388; miR-666-5p, P=0.409; miR-451, P=0.002; miR-148a, P=0.572; miR-27a, P=0.012; and miR-30b P=0.046. No significant differences were observed in the expression levels of miR-374, miR-666-5p, miR-451, miR-148a, miR-27a or miR-30b between the malignant and benign breast tumors (miR-374, P=0.870; miR-666-5p, P=0.100; miR-451, P=0.839; miR-148a, P=0.121; miR-27a, P=0.875; and miR-30b, P=0.511).
Paired sample t-tests were performed to compare miRNA expression in the serum samples prior to treatment and three days after the surgery from 20 breast cancer patients who underwent surgery. miRNA expression was not significantly different between the pre-and post-operative groups (miR-374, P=0.514; miR-666-5p, P=0.873; miR-451, P=0.154; miR-148a, P=0.740; miR-27a, P=0.588; and miR-30b, P=0.091).
Comparisons of the predictive values of miRNAs.
A ROC curve analysis was used to compare the predictive diagnostic values of the miRNAs studied for the breast cancer, benign breast tumor and healthy control groups. These results, presented in Table Ⅲ , showed that miR-451 had the highest AUC of 0.915 [asymptotic 95% confidence interval (CI), 0.850-0.979; P<0.000]. miR-27a is inferior to miR-451 and showed an AUC of 0.909 (asymptotic 95% CI, 0.841-0.976; P<0.000). miR-451 had a sensitivity of 93% and a specificity of 79.3%, while miR-27a had a sensitivity of 88.1% and a specificity of 86.2%.
The results shown in Table Ⅳ demonstrated that miR-451 also had the highest AUC for differentiating between the benign breast tumor cases and healthy controls, with a sensitivity of 100% and a specificity of 69%. Thus, miR-451 is a highly accurate predictor for the initial screening of breast diseases. 
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These results also show that miR-148a levels differentiated between malignant and benign breast masses, with an AUC of 69.8% (asymptotic 95% CI, 0.561-0.835), a sensitivity of 56.1% and a specificity of 78.9%.
Multiple marker assays. Multiple marker assays evaluated by multivariate regression analysis may significantly improve the sensitivity and specificity of detecting tumors compared with single marker assays.
The combined panel of miRNA markers (panel 1; miR-451, miR-148a, miR-27a and miR-30b) achieved 94.7% sensitivity, 82.8% specificity and a 95.3% AUC for distinguishing breast cancer cases from healthy controls (Table Ⅲ; Fig. 2A) .
A panel of three combined markers (panel 2; miR-451, miR-27a and miR-30b) achieved 85% sensitivity, 86.2% specificity and attained an 88% AUC for distinguishing benign breast tumor cases from healthy controls (Table Ⅳ; Fig. 2B ).
The single marker miR-148a showed a potential predictive value in differentiating between malignant and benign breast masses (P= 0.01), with a sensitivity of 56.1%, a specificity of 78.9% and an AUC of 69.8% (Fig. 2C) .
Discussion
The present study was designed to investigate the expression and correlation of a selected panel of miRNAs associated with breast tumors in serum samples. Indeed, miRNAs are known to be involved in several critical oncogenic cellular processes, including proliferation, differentiation and apoptosis. Serum-derived miRNAs have the following characteristics: ⅰ) miRNAs are tremendously stable in serum due to their small size (23); ⅱ) circulating miRNAs may be easily and reproducibly measured (24); and ⅲ) miRNAs have rich information content and tumor-specific profiles (25) , and individual miRNAs show unique expression levels in the varying organs and stages of cellular processes. In addition, clinical specimens of serum are more abundant and more conveniently collected. Therefore, serum-derived miRNAs are expected to be clinically useful as novel and minimally invasive tools to aid in the early detection and monitoring of breast cancer.
Six miRNAs from the expression profile (miR-374, miR-666-5p, miR-451, miR-148a, miR-27a and miR-30b) were empirically selected for the qPCR analysis of serum samples collected from breast cancer patients, benign tumor patients and healthy controls. The aberrant expression of candidate miRNAs in breast cancer has been reported by several previous studies. For example, it has been demonstrated that miR-451 levels are significantly reduced in tamoxifen-resistant breast cancer cells (26) . In MCF-7/DOX cells, the enforced increase of miR-451 levels downregulates the expression levels of mdr1 and increases the sensitivity of the MCF-7-resistant cancer cells to DOX (27) . However, miR-451 shows higher expression levels in breast invasive micropapillary carcinoma than in unspecified invasive ductal carcinomas (28) . The expression levels of miR-148a are decreased in breast cancer cells and tissues (29) . miR-27a appears to be significant in breast cancer by suppressing the expression of a transcription factor, ZBTB10 (30) . Furthermore, the single nucleotide polymorphism in miR-27a has been associated with the risk of familial breast cancer and has also been correlated with lymph node metastasis (31) . miR-30b, a member of the miR-30 family, is a tumor suppressor miRNA that binds to the 3'-UTR of the catalase mRNA and inhibits its expression (32) . In addition, miR-30b has been identified as a trastuzumab-inducible miRNA in cancer cells (33) , and expression levels of miR-30b have been shown to correctly predict the nature of inflammatory breast cancer phenotypes (34) . To the best of our knowledge, there are few studies on the expression of miR-666-5p and miR-374 in breast cancer. miR-374, together with four other miRNAs (miR-21, miR-31, miR-125a and miR-181c), has been described as a signature marker of the human natural T-reg cell (35) , and it is abundantly expressed in transdifferentiated neuronal progenitors (36) . Furthermore, the majority of the studies previously undertaken have focused on comparing miRNA expression patterns in breast tumor tissues or in cancer cell lines. Thus, to a certain extent, the present research involving the testing of serum miRNA expression profiling and its use as a diagnostic tool is a pioneering approach.
The present results show that miR-451, miR-27a and miR-30b are differentially expressed in the serum samples in benign and malignant breast tumors compared with the samples of healthy patients. Therefore, these miRNAs may be used to discriminate breast cancer from healthy controls. In addition, miR-148a may be used to distinguish benign breast tumors from malignant tumors due to its differential serum levels in these two groups. The results of the present study confirm that miR-451 expression provides the greatest sensitivity in detecting human breast cancers, which is consistent with data that has been previously reported (37) .
Certain studies have indicated that the removal of the primary tumor leads to the loss of elevated levels of circulating miRNAs (38, 39) . In the present study, no significant differences were observed in the expression levels of miR-374, miR-666-5p, miR-451, miR-148a, miR-27a and miR-30b between the pre-operative and post-operative serum samples of the breast cancer patients. However, as the study had a relatively small sample size of only 20 paired patients, a greater number of breast cancer patients should be investigated to confirm these results. In addition, the post-operative serum samples used in this study were collected only three days after surgery. Thus, the levels of circulating miRNAs at various periods subsequent to surgery should be investigated.
Furthermore, the present study also attempted to evaluate the expression levels of the panel of miRNAs at differing tumor stages. Certain previous studies have shown that differential miRNA expression in serum is more frequently observed in the advanced, rather than early, stages of breast cancer (40) . Therefore, the expression levels of miRNAs have been linked to the tumor stage. In the present study, miRNA expression profiling was not demonstrated to show a higher sensitivity for patients with a higher tumor-node-metastasis stage and lymph node metastasis.
The present study of miRNAs with downregulated expression in disease patient samples demonstrated that the serum levels of cancer-associated miRNAs can distinguish patients with breast cancer from healthy controls. However, miR-27a is regarded as a risk factor for colorectal cancer (41) and has also shown to be correlated with lymph node metastasis in gastric cancer (42) . Furthermore, miR-451 levels are decreased in serum samples from renal cell carcinoma patients (43) , and miR-148a expression is suppressed >4-fold in gastric cancer. The role of miR-148a is to function as a tumor metastasis suppressor in gastric cancer, hence, downregulation of miR-148a contributes to gastric cancer lymph node metastasis and progression (44) . Finally, the expression of miR-30b is suppressed in invasive bladder cancer (45) and lung squamous cell carcinoma (46) . Therefore, the specificity of a single miRNA as a tumor marker is somewhat less than that of multiple miRNAs together. Multiple marker assays may significantly improve the sensitivity and specificity of tumor detection compared with single marker assays. However, this improvement in detection is dependent upon the selection of markers. In the present study, miR-451, miR-148a, miR-27a and miR-30b were combined into a panel of markers for breast cancer diagnosis. The sensitivities of miR-451, miR-148a, miR-27a and miR-30b individually were 93, 76.3, 88.1 and 88.1%, respectively. In addition, their specificities were 79.3, 96.6, 86.2 and 82.8%, respectively. By comparison, the sensitivity and specificity of the four combined markers were significantly higher. The ROC curve analysis using the four combined markers yielded an AUC of 0.953, a sensitivity of 94.7% and a specificity of 82.8%.
In conclusion, qPCR analysis of miRNAs in the serum samples of breast cancer patients may have a clinical significance for the detection of breast cancer. Moreover, the present results indicate that a panel of miRNAs may be useful as a sensitive and specific tool for the detection of breast cancer. However, studies with long-term follow-up and a larger number of patients are required in order to confirm the clinical application of these molecular markers.
